T h e effects of the topography, adhesiveness and chemistry of surfaces in modulating the behaviour of cells in vivo and in vitro have been extensively researched. However, few natural system s are sim ple enough to allow straightforward conclusions to be drawn, as many different cues are likely to be present at one time. Microelectronic fabrication, normally employed in making integrated circuits, can produce substrates patterned on scales highly relevant to studies of cell behaviour.
INTRODUCTION
Our group is adopting a multidisciplinary approach to certain problems in cell biology, particularly in neurobiology. In this article, current models for cell guidance during development, in particular contact guidance, are reviewed. The techniques of electronic microfabrication are discussed from a biological standpoint, and their application to the formation of specific topographies is outlined. T he use of computers in the analysis of cell behaviour is outlined, and prospects for the formation of simple neuronal/electronic hybrid networks discussed. T he possi bilities opened by such experiments could be exciting, from both the standpoint of pure science and that of medical therapeutics.
CUES FOR CELL GUIDANCE
In the developing embryo, cells display an ability to navigate rather precisely over considerable distances in order to form the functional tissues of the adult. T he study of this problem, and the elucidation of the cues involved, is one of the most important areas of cell biology. In particular, the specificity of formation of neuronal connections has attracted considerable interest, and there is evidence to support several hypotheses of cell guidance (Dunn, 1982) . Sperry's (1963) theory of chemoaffinity is generally favoured (with some modification) ; and many contempor ary workers believe that specific cell-surface markers hold the key to neuronal specificity (Goodman & Bate, 1981; Goodman & Bastiani, 1984; Zipser & M cKay, 1981 ; Bonhoefer & Huf, 1980) . There is now some evidence to support the plausible hypothesis that positional information can be gained from morphogenetic fields of diffusible morphogens (Wolpert, 1978; Tickle et al. 1982) , and that some growth factors (Gundersen & Barrett, 1980; Lum sden & Davies, 1986) or even neurotrans mitters (Hum e et al. 1983; Young & Poo, 1983; Patel et al. 1985) may affect the terminal guidance of neurones. Experiments showing that the morphology of developing neurones in vivo and in vitro is similar (Banker & Cowan, 1979; Role & Fischbach, 1987) suggest that certain components of neuronal shape are intrinsically determined. Galvanotaxis of cells and galvanotropism of neuronal growth cones have been demonstrated in vitro (Hinkle et al. 1981; M cCaig, 1986; Nuccitelli & Erickson, 1983; Cooper & Schliwa, 1985) , and these effects are believed to occur at physiological electric field strengths (Barker et al. 1982; Patel et al. 1985) . Haptotaxis on patterns of differential adhesivity (Hammarback et al. 1985; Mason, 1985; Hammarback & Letourneau, 1986) has been demonstrated; and the results explained as reflecting the differential grip obtained by filopodia on opposite sides of a cell or growth cone, within a haptotactic gradient, for successful traction (Bray, 1982) .
A frequent explanation for cell guidance during morphogenesis is that of contact guidance (Dunn, 1982) ; in its narrow interpretation, cells are thought to be sensitive to the topographical features in their environment. As a multiplicity of cues is present, contact guidance is very difficult to demonstrate unambiguously in vivo, although there is some evidence from studies of retinotectal projection (Scholes, 1979; Horder & Martin, 1979) , and in the developing fish fin (Wood & Thorogood, 1984) . As with other morphogenetic cues, most of the evidence for the contact guidance hypothesis has been amassed in vitro. There are several explanations that have been proffered to explain contact guidance: Dunn (1982) suggested that cytoskeletal inflexibility limits the ability of cells to form successful (i.e. loadbearing) focal adhesions over topographic discontinuities, such as shallow prisms (Dunn & Heath, 1976) ; O'Hara & Buck (1979) suggested that, on finely grooved substrata, the orientation of the focal adhesions themselves is constrained, and that this restricts the ability of the cytoskeleton to exert traction in directions other than the orientation of the substratum ; Lackie (1986) suggested that topographic cues might affect the probability of forming a successful protrusion. These models may not be incompatible, and merit further study.
Over the years, cell reactions to a wide range of substrata, such as spiders' webs, gramophone records, diffraction gratings, tubes and fibres, have been studied. Recently, studies of contact guidance have been made easier by the advent of microfabrication techniques, normally employed in the manufacture of integrated circuits. It is now possible to produce arbitrary topographies, of controlled surface chemistry, in a wide range of substrata, and with great precision. Furthermore, the two disciplines can be integrated to the extent of producing electrode arrays for the extracellular monitoring of electrical activity in neuronal networks (Pickard, 1979; K ruger, 1983; Eichenbaum & Kuperstein, 1986) .
MICROFABRICATION TECHNIQUES
Microfabrication techniques, as applied to biology, have been usefully reviewed elsewhere (White et al. 1983; Eichenbaum & Kuperstein, 1986) ; photolithography is basically a contact-printing process, capable of producing either positive or negative relief im ages. Substrata of most materials (silicon, silicon dioxide, silicon nitride, glass, sapphire, titanium, perspex) can be patterned either by etching away of bulk material, or by deposition of further material. Selectivity is obtained by using a mask of an inert material, which protects part of the substratum from the processes of etching or deposition.
M asks are generally made by spin-coating a photosensitive resist onto the substratum , to produce a thin, continuous layer of perhaps a micrometre in depth. T he resist is then either cross-linked or depolymerized by the action of light (generally contact-printed through a metal m ask), and the less-polymerized material dissolved away by a developer, leaving a relief image of the mask in photoresist. In practice, the resolution achievable by such photolithographic techniques is around 1-2/im , and the maximum area that can be patterned up to about 25 cm2. T his makes photolithography highly suitable for the production of patterns on the biological scale; spread cells 'might' be around 20-50 fim in diameter appear strongly oriented by features of l-10^tm in period.
T he limitation on resolution in conventional photolithography is the contactprinting p rocess: small particles of dust between mask and photoresist cause blurring of the image. Even smaller patterns are produced by the technique of electron-beam lithography. In this maskless technique, the resist is exposed directly by a scanning electron microscope beam. The resolution attainable by this technique is limited only by the spot size of the scanning beam ; details as fine as 3 nm are feasible. Although ideal for research and prototyping, this technique is much too slow for direct commercial wafer production; it can be used instead to produce masks, which are then used for conventional photolithography.
Extracellular electrodes, for stimulating or recording, are produced by coating a metal (usually gold or platinum) onto the substratum, bonding wires to the contact pads, spin-coating an insulating layer of resist onto the electrodes, then exposing windows of resist above the electrode terminals. T he impedance of such electrodes rises sharply with decreasing diameter (Prohaska et al. 1986 ); in practice, window diameters of about 25 fim2 provide the best signal-to-noise ratio (Edell, 1986) .
T he biocompatibility of these materials must be considered, both for cultured cells, and for the surrounding tissue in the case of prosthetic implants. In this case, most structures can be functionally separated into three layers: substratum, electrodes and insulator. Popular substrata include sapphire, glass and silicon.
Electrodes have been made of nickel/iron, silver/silver chloride, gold, platinum, titanium and indium /tin oxide. T he electrode material of choice is usually gold, although the resistance of these electrodes can be reduced tenfold by platinization. Insulation is generally provided by polyimide (K apton), or a photoresist: most photoresists are toxic, but some have proved biocompatible over extended periods. T he resulting structures have been used successfully in vitro for several months (D roge et al. 1986 ), in rabbit peripheral nerve implants for a year (Edell, 1986) , and in the case of human cochlear implants for several years in vivo, without ill effects (Hochmair-Desoyer et al. 1983) . 
Steps
T h e most common type of artificial surface used in work on cell alignment is an array of parallel ridges or grooves (Weiss, 1945; Curtis & Varde, 1964; Brunette et al. 1983; Brunette, 1986; Dunn & Brown, 1986) . However, there are several variables to consider in such analyses, namely ridge width, groove width, groove depth, groove profile, choice of substratum and uniformity of substratum. T he simplest possible aligning cue would be a single intersection between two planes; this was studied by Dunn & Heath (1976) , who found that single cells could not move over the top of a shallow prism if the angle of pitch exceeded 16°. We decided to look at the next sim plest structure possible, a single step, or discontinuity in a flat plane. T he pattern thus exposed the cell to two right angles, one external and one internal. T h is pattern could in turn be viewed as 'half' of a groove (Fig. 1) .
Steps of varying depth were cut into perspex using conventional photolithographic techniques (Curtis et al. 1985; Clark et al. 1987) , and the reactions of various cells studied. T he standard experimental subject for these studies was the baby hamster kidney (B H K ) cell (Fig. 1A ). Cells were tracked by video microscopy, and the interactions of cells encountering a step analysed. A distinction was made between crossing, where the whole body of the cell moved from one side of the step to the other, and alignment, where the long axis of the cell was adjudged to be within about 10° of the axis of the step. Alternative outcomes, such as reflection or refraction, were rare under these conditions; effectively all encounters resulted either in crossing or alignment. T he results obtained for various step heights are shown in Fig. 2 . As can be seen, crossings declined monotonically with increasing step height, so that at a step height of 18 /im, only 10 % of cells crossed the step in either direction ( Fig. 2A ) (and that, conversely, 90% of cells aligned: Fig. 2B ). Interestingly, there was no systematic difference between cells encountering the step from the upper or the lower side, implying that the order in which the external and internal angles were encountered did not significantly affect the outcome.
T he pattern established for B H K cells was also seen for a variety of cell types (Fig. 3) . On encountering a step of 5/im (which approximately 30% of B H K cells crossed), a similar fraction of primary chick heart fibroblasts crossed. Growth cones were not filmed directly, but crossing was scored under phase-contrast microscopy; again, around a quarter of the neurites crossed a 5 fim step in either direction.. The exception was afforded by neutrophil leucocytes, which were not seriously impeded from crossing. T h is difference may reflect the relative lability of neutrophil cytoskeletal organization (Clark et al. 1987) ; the models of both Dunn & Heath (1976) and O 'Hara & Buck (1979) for contact guidance lay stress on cytoskeletal organization.
Grooves
We have begun to work on grooved surfaces, both at light and electron microscopic resolution. Conventional photolithography permits the easy production of sheerwalled grooves of any mark/space ratio and aspect ratio (groove depth: width) up to around unity, with a minimum period (groove + ridge repeat distance) or around 1/im ; while interferometric techniques allow us to produce smoothly undulating Step height (pm) gratings with very much shorter periods (as low as 300 nm), of the same order of size as collagen fibrils. Our preliminary findings are that, together with period, depth is a significant influence on alignment for gratings with a period in the 4 -2 4 /im range. (Above this range, of course, the pattern encountered by any cell begins to resemble a single step, as this is all that one cell could bridge.) Gratings with a period of 6 ¡um, and a depth of only 2,um, can align B H K cells very strongly (Fig. 4) . In fact, depths of 0-7 /um are quite capable of producing alignment (Dunn & Brown, 1986) .
It seems that the degree of alignment relates to the number of grooves that a cell could bridge, were it not aligned. It should be noticed (Fig. 4) that, even on fine grooves, most cells align along a single ridge, even though they become greatly elongated. It would be tempting to speculate on the cytoskeletal constraints imposed on cells by such structures. Dunn & Brown (1986) showed that the elongation observed in aligned cells can be described as a simple mathematical transformation of normal (unaligned) cell morphology.
Spirals
On the basis of the previous set of experiments, one might expect that a cell lying on a narrow ridge with curved boundaries would spread to a greater extent on regions
T h e crossing reactions of different cell types to a step of 4^<m, related to their direction of approach. B H K , baby hamster kidney cell line C 13; C H F , primary culture of em bryonic chick heart fibroblasts; C H , primary culture of embryonic chick hemisphere neurones; PM N , rabbit neutrophils, prepared by peritoneal lavage (Vicker el al. 1986 ).
(Reproduced from Clark et al. (1987) , with perm ission.) F ig. 4. SE M of B H K cells aligned on repeated grooves, of period 6 ftm and depth etched into perspex. Bar, 50, um. of lower curvature. T h is problem is also related to the studies of cell spreading inside and outside glass cylinders of varying radius (Abercrombie, 1980; Dunn & Heath, 1976 ). An experimental pattern that simultaneously provides a continuously graded set of curvatures in two dimensions is afforded by an eteched spiral, as shown in Fig. 5 . Cells near the centre of the spiral are unable to spread completely, and thus to F ig. 5. Light micrograph of B H K cells aligned by a spiral of width 10,urn and depth 3,um, etched into quartz. bar, 50, um. move; this resembles the fate of cells adhering to spheres of radius too low to permit efficient spreading (Dunn, 1982) . Further out, cells spread progressively more completely, and tend to move into regions of lower curvature (i.e. away from the centre); one could speculate that, near the centre, the degree of permitted spreading could vary noticeably from one side of a cell to the other; a more-spread cytoskeleton on one side could suffice to produce the outward movement described. T h is pattern is of interest in that not just an alignment, but also a polarized movement, of cells is produced.
Hillocks an d dolines
Another way of systematically constraining the cytoskeleton is to punctuate a planar substrate with a regular array of hillocks or dimples ('dolines'). These resemble the surface of an epithelial sheet of cells in curvature and scale. Such structures are powerfully aligning for cells (Fig. 6 ). Cells align so as to minimize the changes in substrate height that they must accommodate; in this case, there are only two perfectly flat domains, and these are narrow, and orthogonal. Indeed, this structure could be seen as a pair of orthogonally intersecting groove patterns.
HOW DOES TOPOGRAPHY AFFECT CELL ORIENTATION?
There is a theme underlying the results described above; it is that cells seem to align so as to minimize distortions in their cytoskeleton. In the nearly two dimensional systems described here, this implies that cells tend to find the flattest or least curved area of substratum available, even if this involves elongation far beyond that normally occurring on planar substrata. T h is accords with Dunn & Brown's (1986) amalgamation of earlier (Dunn & Heath, 1976; O 'Hara & Buck, 1979) theories of contact guidance. Additionally, there seems to be an arithmetic rule for F ig. 6. Light micrograph of B H K cells aligned bv a landscape of hillocks of height 3 ,um, etched into glass in an orthogonal array of repeat interval 20 flm. Hillocks were made bv patterning photoresist onto glass, and baking at a high enough temperature to produce som e flow, before etching with H F . Such landscapes strongly oriented cells along the diagonals. Phase-contrast. Bars: 100(Urn (A ), 50,um (B). alignment at repeated features; cells are aligned very highly by repeated grooves or features at a depth far less than that required to produce alignment at a single step.
While the results argue strongly for a dominant role of the cytoskeleton in contact guidance, it is not clear whether they allow us to distinguish between the models of Dunn & Heath (1976) and O 'Hara & Buck (1979) for contact guidance. It is hard to reconcile the ability of cells to cross fairly high steps with their failure to cross a much more m odest feature, a prism of 16° angle. Unless a cell is able to bridge a step completely with a protrusion, detecting the planar surface beyond the step, one would expect a large degree of cytoskeletal deformability to be required to obtain crossing; and that the cytoskeletal constraints imposed by crossings in opposite directions would be very different. However, our results suggest that there is not a large difference between upward and downward crossings; Clark et al. (1987) argued that this is because in terms of cytoskeletal deformation the upper (convex) edge of a step presents a far more serious obstacle to cells than the lower (concave) edge. Thus, although the three elements of the step topography (top edge, step height and bottom edge) can be encountered in different orders, the cells' reactions are mainly affected by a single element, the top edge.
It remains to be seen whether contact guidance will suffice to produce ordered arrays of cells. Certainly, spirals seem to act as a trap for cells, and it should be possible to construct grooves or ridges deep enough so that crossing is almost totally inhibited. It is thus quite likely that 'confrontation culture' experiments of a type already producing interesting results in developmental biology (Bonhoeffer & Huf, 1985) could easily be performed using photolithographic landscapes. However, whether topographic cues alone will suffice to produce specific neuronal structures remains to be investigated.
CELL TRACKING
Two types of measurement are central to many studies of cell behaviour. These are the static measures of cell spread area, orientation and elongation ; and the dynamic measures of speed and position of moving cells. T he manual execution of either technique is painstaking: in the case of static measures, the cells must be photographed, their outlines cut out of the print, and the areas measured by weighing. Orientations and elongations, though requiring the use of only ruler and protractor, require the subjective assessment of the 'long axis' of the cell, a notoriously inaccurate procedure. Dynamic measures require the post-analysis of video tape or ciné film, and the manual plotting of loci of the experimenter's subjective assessment of the centres of the cells in successive frames.
It is not surprising, therefore, that both of these measurements have been automated, usually on minicomputers (Noble & Levine, 1986; Huijsm ans et al. 1986; Donovan et al. 1986; Dunn & Brown, 1986) . In our Department, driven by necessity, these automated measures have been implemented on standard laboratory microcomputers (Dow ei «/. 1986 (Dow ei «/. , 1987 .
In our configuration, cells are viewed through a conventional microscope, fitted with a T V camera and phase-contrast optics. The video signal is viewed on a monitor, and sent to a framegrabber, which is connected to a BBC microcomputer. Digitized images are stored in screen memory to a resolution of 256x640 points at two intensity levels, and then processed by a short program written in B A S IC and machine code. With appropriate care in controlling illumination, satisfactory images of living cells can be obtained (see Fig. 10 , below). T he software calculates the visual centroid of all non-background pixels in a square search area; this is called a 'box search' (Dow et al. 1987 ). T h is simple approach is capable of error, but only in predictable circumstances, which can be precluded by experimental design (Dow et al. 1987 ).
T h is system has proved highly successful in tracking neutrophil leucocytes, which are ideal subjects for such systems because of their clear phase image and relatively high speed. T h ey have thus been studied extensively by other authors (Noble & Levine, 1986) . Our tracking system can routinely follow (in real time) an arbitrary number (e.g. 50) of cells, sampling every 20 s for an arbitrary period (e.g. 30m in). T he cell densities used are comparable with those previously employed in manual tracking studies, so no special experimental changes were dictated by switching to a computer-centred system ; the resulting tracks are broadly similar to those obtained previously (F ig. 7), although the far higher yield of tracked cells per experiment (50 compared with 20 previously) allows more extensive statistical analysis.
A model proposed by Dunn (1983) suggests that neutrophil locomotion can be characterized by just two parameters, speed and persistence. The model likens neutrophil locomotion to a random-walk with persistence of direction, made up of a series of linear movements of constant speed, punctuated by changes of direction. T h u s speed, in terms of the model, is simply total displacement divided by total time while persistence is a measure of the mean time between direction changes, and thus has units of time. T h is model has the advantage of parsimony in that only two parameters are needed to describe the population movement fully, and the nature of the parameters accords with our knowledge of locomotion. For example, bacterial locomotion is made up of a series of linear 'runs', interspersed with random 'tum bles' (Berg, 1975; Lackie, 1986) . T he greater volume of data available with computer tracking systems have enabled this model to be subjected to detailed scrutiny.
Interestingly, there are some systematic differences between computer and manual tracking. Our experiments have shown that manually produced cell tracks are noticeably smoother than those produced by a computer (D o w fi al. 1987) , and only partly due to the increased sampling interval (60s versus 20s) in manual tracking experiments (F'ig. 8). Computer tracks are noticeably more angular than those produced manually, resulting in higher speeds and lower persistences, although these effects are minimal at sampling intervals as great as those used manually. However, computer analysis allows us to vary the sampling interval systematically. When this is done, it becomes clear that speed, and particularly persistence, are sensitive to sampling interval (F'ig. 9). T o some extent, these findings can be explained in terms of noise in the measurement of individual position. For a constant error in position measurement, the error in calculated speed is inversely proportional to the sampling interval. T his is not, of course, a problem peculiar to computer system s; manual errors in the subjective estimate of cell centroids are at least as large, but very few workers have endured the tedium necessary to analyse films manually at such a fine time resolution.
There are, however, other possibilities for anomalous speeds at short sampling intervals: cells may make rapid shape changes, on much shorter time-scales than gross translocation. T h is is a perfectly valid parameter to measure, and is in principle separable from computer noise by imaging the cells at higher magnification: cell movements would remain absolute in magnitude, whereas computer errors are proportional to the number of micrometres spanned by each pixel.
However, while it is clear from Fig. 9 that speeds of cells are consistent above a certain threshold sample interval (in the case of a 10x lens, 20 s), the same cannot be said for persistence. T h is shows a direct proportionality with sample interval, calling into question its suitability as an independent variable in the analysis of neutrophil locomotion. T h is may not undermine its value as a descriptive measure: for a constant sampling interval, apparent persistences vary systematically with the application of agents known to affect neutrophil activation. In the light of the improved ability of the computer tracking system to follow large numbers of cells, the question of modelling neutrophil locomotion will be studied further.
T h ese experiments draw our attention to the possibility that we may be able to characterize cell locomotion at several different levels; at the gross scale, there are population displacements on the scale of millimetres and periods of hours; and on a fine scale, there may be rapid fluctuations on a scale of micrometres and a period of seconds. T h e same mathematical models are unlikely to apply at both ends of the scale; nor is it surprising that path-length is apparently a fractal measure (M andel brot, 1977) . Computer-based data acquisition, rather than clouding the issue, can perform the routine calculations rapidly and objectively, enabling the experimenters to concentrate on the question of what should be measured.
T h e limitations of our method for computer tracking should be acknowledged. In spread cells, an optical centroid may not be an appropriate measure of cell position, and may be unduly sensitive to non-locomotory changes in cell shape. T h is may be overcome by tracking one of the nucleoli at higher magnification, provided that these are prominent (D unn & Brown, 1986 ). In our hands, satisfactory images of spread cells, and of individual neuronal growth cones, can be obtained (Fig. 10) , suggesting that the tracking system might be suitable for use on a wide range of cultured cells.
Fram egrabber hardware does not provide for the automatic subtraction of background from the image. T h is can be a serious problem as image intensity is rarely constant across a field. Both the illumination intensity of the microscope and the sensitivity of the camera tube may vary markedly. T h is 'shading' artefact may result in systematic errors in cell areas across the screen, or even in the disappearance of cells in some regions of the screen (Ramm & Kulick, 1985) . In our experience, shading was not a serious problem when tracking neutrophils, but necessitated extreme care when following other cell types.
ELECTRICAL RECORDING
There are several popular approaches in attempting to understand neuronal function. At one extreme are the behaviourists and psychologists, who believe that inner workings can be inferred from the actions of the subject; while at the other extreme lie the in vitro neurophysiologists, who believe that an understanding of the excitatory process in individual cells and across single synapses is crucial. In between lies the middle ground of classical neurobiology, which seeks to study the firing patterns and interactions of ever more tightly defined classes of neurones in the intact organism.
In classical neurobiology, rapid progress has been made with simpler model systems. Vertebrate neurophysiologists have made major advances, for example in the understanding of visual processing (Masland, 1986); but they can work only with defined classes of neurone, such as spinal motorneurones or retinal ganglion cells. However, invertebrate biologists are able to work with identified single neurones, with predictable positions, morphology, interconnections and behaviour. In this way, the neural circuitry underlying several simple types of behaviour, such as locomotion, ventilation and feeding, have been thoroughly studied. For example, simple system s have contributed greatly to our understanding of memory; in Aplysia, a simple model for memory in avoidance reflexes (Kandel, 1979; Kandel & Schwartz, 1982) has implicated serotonin modulation of cyclic AM P levels; the same second messenger is implicated by memory-deficient mutants of Drosophila (Dudai, 1985) , and so the study of such systems can lead to a more general understanding of these functions in vertebrates. However, even in invertebrate systems, the behavioural pathways that are susceptible to the classical approach tend to be rather simple and stereotyped, involving only a handful of neurones. More complex behaviour produces intractable problems in wiring; even a simple animal may have many thousands of neurones, and each neurone may make many synaptic contacts. Our group has as its goal the controlled and repeatable formation of simple neural networks of between two and a few dozen neurones, allowing us to study neuronal function in a series of hypothetical simple animals that do not exist in the real world. While the first to admit that this approach has its pitfalls, we would argue that there are clear benefits to be obtained.
ARE CULTURED NERVE CELLS VALID MODELS OF THE INTACT NERVOUS SYSTEM?
It is important to establish that cultured nerve cells resemble in situ neurones in their morphology and function, before they can be considered as adequate model systems. Cultured nerve cells do not necessarily display all of the properties associated with electrical activity; they do not always express a full range of voltagegated channels, and they may not make functional synapses. However, provided that these limitations are borne in mind, cultured cells have proved to be most useful model systems for a variety of studies (Nelson, 1975; Nelson & Lieberman, 1981) . In developmental biology, the rate of outgrowth of identified Helisoma neurones, and the morphology and pharmacological sensitivities of their growth cones, have been found to mirror those observed in the embryo (Haydon et al. 1985) . Similarly, the morphology of the neuronal outgrowth of hippocampal neurones in vitro matches that observed in the embryo (Banker & Cowan, 1979) . Ciliary ganglion neurones in culture show a shift from multipolar to unipolar organization (Role & Fischbach, 1987) , and a rise in choline acetyl transferase (Nishi & Berg, 1987) , which mimic those found in the developing embryo. So it seems that certain determinants of neuronal morphology and biochemical maturation are intrinsic in nature, and little affected by the transition to cell culture.
Electrophysiologists have used cultured cells for years; the absence of interfering glial cells and connective tissue has made cell culture a common experimental manipulation for patch clamp studies (Sakmann & Neher, 1983) . It seems that when an ion channel is found in cultured cells, it displays the normal (i.e. physiological) properties. Electrical excitability and spontaneous activity are also seen in vitro. M ouse and chick cells from a variety of sources, spinal cord (Fischbach & Dichter, 1974; Ransom et al. 19776) ; sympathetic ganglia (Walickeei al. 1977; Patterson et al. 1978) and dorsal root ganglion (Fischbach, 1972; M acDonald et al. 1983) show normal action potentials in vitro. Most of these tissues develop electrical activity only after some time in culture, typically 1 month; however, embryonic chick ciliary ganglion cells are electrically active immediately after isolation (Role & Fischbach, 1987) . In general, invertebrate neurones are much larger and hardier: they can display normal electrical activity much earlier after isolation (Lees et al. 1985; Fuchs et al. 1981; Goodman & Spitzer, 1981; Schacher & Proshansky, 1983; Dagan & Levitan, 1981) ; the drawback is that invertebrate cell culture techniques are not as far advanced as those for vertebrate cells.
Another property that some cultured neuronal cells share with intact cells is synaptic activity. Normally, sympathetic neurones grown in culture contain adrena line, and may even make (electrically silent) 'autapses' on themselves: however, on coculture with myoblasts, functional cholinergic and dual-transmitter synapses result (Walicke et al. 1977; Patterson et al. 1978) . In cocultures between dorsal root ganglia (D R G ) and spinal cord neurones (S C ). D R G to SC and S C to SC synapses are observed, both in chick (Fischbach & Dichter, 1974) and in mouse (Ransom et al. 1977a; M acDonald et al. 1983) . Aplysia neurones reliably form synapses in vitro (Camardo et al. 1983; Schacher & Proshansky, 1983; Bodmer et al. 1984; Schacher et al. 1985) , which match the specificity observed in vivo (Kandel, 1979) . Certain identified neurones from the leech segmental ganglion have been thoroughly characterized in vivo (Nicholls & Baylor, 1968) , and have been successfully cultured in vitro. When placed close together, Retzius cells (responsible for mucous secretion) and P cells (which normally respond to cutaneous pressure) form interdigitating processes, and functional chemical synapses of the Retzius cell onto the P cell frequently result in 3 -4 days (Fuchs et al. 1981 (Fuchs et al. , 1982 Henderson et al. 1983; Arechiga et al. 1986) .
Although there would seem to be great benefit to be derived from investigating neuronal cell lines, in which each cell is uniform and capable of replication, there seem to be severe drawbacks. Neuronal cells do not normally divide and, in cell lines, it seems that the dividing cell population is not excitable; neuronal properties, such as excitability, neurotransmitter production and neurite production, occur only when the cells differentiate under conditions of low serum, or under the influence of certain growth factors (Prasad, 1975) . For example, the phaeochromocytoma line PC12 differentiates under the influence of low serum, pH , nerve growth factor or cyclic AM P to form neurone-like cells, with vigorous process growth (Connolly et al. 1985; O 'L ague & Huttner, 1980) , continued accumulation and release of catechol amines (the diagnostic property of the in vivo tumour), and the development of a Ca2+/ K + -based action potential (Dichter et al. 1977) , as found in other developing neurones (Grinvald & Farber, 1981) . In the longest differentiated cultures, a sodium current also develops (Dichter et al. 1977) . However, these properties do not result in an action potential p er se\ it is only unmasked under certain experimental conditions (O 'Lague et al. 1985) . NG108 cells, produced by fusing a neuroblastoma and a glioma, show some excitability, and also the accumulation of acetylcholine vesicles at synapse-like regions. Both NG108-15 and adrenergic mouse neuroblas tome line N1E-115 demonstrate N a+/ K + action potentials; additionally, several slow Ca2+ currents are revealed under N a + -free, T E A perfusion conditions (Moolenar & Spector, 1978; Fishman & Spector, 1981) . Acetylcholine-induced hyperpolarization of N IE -115 cells is potentiated by cyclic AMP (Tsunoo & Narahashi, 1984) . So, although not possessing fully neuronal properties, cell lines are valuable model systems for the study both of individual ion channels, and of the regulation of neuronal gene expression. ELECTRICAL RECORDING In our studies, we have used chick cardiac myocytes because the cells have been well studied, because the electric fields generated by these cells are rhythmic and large, and because visual confirmation of the occurrence of each action potential is possible, as excitation is accompanied by contraction. T hus microelectrodes need not be used routinely to correlate electrical activity of the cells with the recordings l _ 
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obtained by the solid-state electrodes. T he chick heart muscle culture system has been used by other workers for similar reasons (Thom as et al. 1972; Israel et al. 1984) . T h e electrodes we have used have been of two main designs; a small-area electrode, based on a groove cut in an insulating layer, cut at right angles to a series of thin, underlying gold electrodes (Fig. 11A) ; and a simple rectangular window of arbitrary size, cut through an insulating layer, and exposing a small area of a metal film electrode below (Fig. 11C) . Both of these systems have proved suitable for recording muscle action potentials (Fig. 11) . Interestingly, the voltage detected by each of the electrode designs (30jUV) is similar; it is the signal-to-noise ratio that distinguishes them. A degradation in signal-to-noise ratio for small-area metal electrodes is well known (Edell, 1986) . We are currently evaluating these electrode systems for use with neurones. Preliminary results with electron-beam lithographic window electrodes have been encouraging, and extracellular recordings have been obtained from leech segmental ganglia (Fig. 12) , as a preliminary to recording from identified leech neurones in culture.
Electrode arrays offer certain advantages over conventional glass or metal microelectrodes when used in vivo (Kruger, 1983) ; they enable many recordings to be made at predictable relative geometries; they increase the chances that a viable extracellular recording will be made from at least one of the electrodes; and they enable systematic differences in neuronal activity to be mapped over a small geographical region of the brain, such as the visual cortex. Such arrays are now in widespread use in vertebrate (Kruger, 1983; Eichenbaum & Kuperstein, 1986 ) and invertebrate (Pickard & Wellberry, 1976; Pickard et al. 1978; Pickard, 1979; Novak & Wheeler, 1986 ) systems, where their performance is fully comparable with conventional extracellular electrodes. When used on cultured cells in vitro, such arrays permit stable electrical monitoring of cells for periods far longer than would be possible with conventional electrodes, with no damage inherent in cell penetration, and without risking the sterility of the culture. However, nerve cells in culture form a thin network in loose contact with the substratum, and surrounded by relatively lowresistivity medium. Such circumstances make electrical extracellular recording technically far harder than it is in intact brain tissue; however, satisfactory results have so far been obtained by several workers (G ross et al. 1985; Droge et al. 1986) .
Metal microelectrodes can also be used in a simpler fashion, to detect the presence of adherent cells (Giaever & Keese, 1984 . In this case, a small-amplitude a.c. field is applied between the microelectrode and the indifferent electrode in the medium, and the presence of cells on the electrode inferred from fluctuations in impedance. In this way, Giaever & Keese suggest that not just the cell's presence can be detected, but that high-frequency fluctuations, on a time-scale and size consistent with lamellipodial extensions, can be resolved. However, the large area of their electrode (200jUmX 100 ¡wm) relative to the area of a typical spread cell might make this appear optimistic. Additionally, experiments in our laboratory have suggested that impedance changes brought about by temperature changes and cell conditioning of the medium might be larger than those brought about by cell locomotion, under similar experimental conditions (P. Connolly et al. unpublished) .
P R O S P E C T S
T he use of topographical cell contact guidance in the construction of simple neuronal networks could be termed 'bioengineering' in its most literal sense. Quite apart from the benefits to our basic understanding of cell behaviour, there may be certain applied benefits. In medicine, it is now conceivable that spinal prosthetic implants may be able to monitor neuronal activity in severed nerves, and to activate directly the relevant muscles. A suitable recording device has been tested in rabbit (Edell, 1986) . Active electrode arrays, which incorporate their own amplifiers, have already been built and tested (Joblin gei al. 1981) . In audiology, such prostheses are even nearer to reality; human patients with multi-electrode implants in the cochlea or adjacent to the moliolar nerve show satisfactory discrimination between spoken monosyllabic words (Hochmair-Desoyer et al. 1983) . Such implants are biocompat ible over a period of years, and electrical stimulation does not cause nerves to die back from the implant (Brummer & Robblee, 1983) . Work with Aplysia neurones inspired the building of a new class of parallel processor that can solve the 'travelling salesman' problem, one of the most complex in computing science (Anon, 1986) . Similarly, the study of artificial intelligence is intertwined with studies of human neuronal circuitry (Ullm an, 1986). It seems likely that this will be an expanding area of cell biology in the future. 
